Background: Children whose 11th fetal week falls in pollen season (spring) report-
University of Oulu has provided working facilities for the study. None of the funding organizations was involved in the design or execution of the study.
| INTRODUCTION
Food and pet allergies are often considered as early atopic manifestations and risk factors for asthma. Allergic sensitization reflects a non-tolerogenic Th2-type immune reactivity against harmless environmental stimuli. It is essential to recognize the early determinants leading to this inappropriate deviation of the immune system, in order to prevent atopic sensitization and clinical manifestations. 1 The crucial period for the development of sensitization has remained a controversial issue. [2] [3] [4] [5] The synthesis of immunoglobulin E antibodies (IgE) may begin as early as during the 11th fetal week in the lung and liver, 2, 3, 6 while allergen-specific responses have been detected from the 23rd fetal week onwards, especially in fetuses whose mothers were exposed to respective allergens during 20 to 28 gestational weeks. 3, 7, 8 The timing of the 11th fetal week at the spring season has been previously shown to be associated with sensitization to milk and egg allergens during the first 4 years of life. 9 Some studies have linked pollen exposure during late pregnancy or at early postnatal period to atopic sensitization and hospitalization for asthma. [10] [11] [12] [13] [14] Children born in late autumn may have an elevated risk for sensitization to nonseasonal allergens such as animal epithelium, 15 especially dog dander, 16, 17 or some food items 9, [17] [18] [19] compared with children born in spring or summer. However, no consensus exists on how seasonal exposures at different phases of pregnancy affect later sensitization among the offspring. [20] [21] [22] The South Karelian Allergy Research Project (SKARP) is a population-based epidemiological study of allergic manifestations and hypersensitivities 9, [23] [24] [25] among children living in south-east Finland and born during the period [2001] [2002] [2003] [2004] [2005] [2006] . Information on all allergy tests performed among the study population for diagnostic purposes was collected from the pertinent patient records and linked with an independent questionnaire survey conducted on the same population. We have previously shown that, in this population, the coincidence of vernal pollen season with the first trimester of pregnancy is associated with sensitization to food allergens, 9 possibly due to maternal pollen exposure. As this might indicate early overall deviation of the immune system towards Th2-type reactivity and IgE sensitization, similar associations might exist for other nonseasonal allergens as well. This paper therefore set out to examine whether the coincidence of the pollen season with early pregnancy is also associated with sensitization of the offspring to dog and cat allergens. We also looked whether this coincidence modifies the previously reported association between pet exposure and respective sensitization. http://vrk.fi/en/personal-identity-code1) was used for the data linkage. As parents of 53 children refused the use of PIC, their data were excluded. The final analyses included data on 5920 children. 9 
| Ethics and permissions
The protocol was reviewed by the Ethical Committee of the North- Affairs and Health. All eleven healthcare centres in the region consented to cooperate. In the questionnaires, the parents were asked permission to use their child's PIC for the data linkage.
| Outcomes
Sensitization to pet allergens was indicated by skin prick tests (SPT) and/or specific immunoglobulin E antibodies (sIgE) for pet allergens. The cut-off point for SPTs was defined as the mean of 2 orthogonal diameters of the urticarial weal of 3 mm. Both positive (histamine) and negative controls had been used, and those with negative control equal or above 3 mm were considered as negative. Test values equal or above the cut-off point were considered as positive.
| Explanatory variables
A detailed description of all explanatory variables is given elsewhere. 9, [23] [24] [25] [26] Shortly, the month of birth was obtained from the PIC.
The PIC of the child and his/her siblings was compared; whereby, the birth order of the child was defined as "firstborn" or "not firstborn".
Parents were advised to check the duration of pregnancy from the maternity card and mark it to the questionnaire. In more than 90% of pregnancies in the area, gestational age was ascertained with ultrasound scan during the 11th to 22nd fetal weeks. 9 The calendar month of the 11th fetal week was calculated using the date of birth and the The cumulative incidences of each outcome by age were computed by Kaplan-Meier-method 31 (survival package of the R). The computations were performed by the calendar month at the end of the 11th fetal week and at birth. Kaplan-Meier-method was also used to describe the incidences of the first positive test result separately among children exposed and not exposed to pets and those with and without parental animal allergy, stratifying according to whether the child's 11th fetal week, birth or neither of these fell on a pollen season.
To catch any seasonal patterns in sensitization, Cox analysis (coxph function of survival package) was used to regress the outcome events on harmonic terms of the month of the 11th fetal week and the month of birth. 32 The significance of successive terms of length 12 months, 6 months, 4 months and 3 months was tested by likelihood ratio test (Table S1 ). The results from Cox analyses were expressed as relative rates (RR) adjusted for gender, birth order and the year of the 11th fetal week or the year of birth, and separate analyses were conducted using the respective pet exposure and animal allergy among biological parents as explanatory factors. Potential interactions between pet exposure and pollen exposure period were examined by entering respective interaction terms to the models (Table S2 ) and also reporting the relative excess risk due to interaction in additive (RERI) and the RR-ratio in multiplicative scales. 33 The 95%
confidence intervals (CI) for the RERIs were calculated as (i) the 2.5th
and 97.5th percentiles of bootstrapped distributions based on 1000
replications (boot.ci function of the boot package of the R) 34 and (ii) the delta method (epi.interaction function of epiR package, modified as applicable to coxph function).
Information on the date of birth was available for the entire population, but the duration of pregnancy was reported by the parents of 3595 children (92% of the survey participants and 61% of the whole population). Among 90% of children, the duration of pregnancy was 38 weeks to 43 weeks, with mean duration of 278.2 days. In the Kaplan-Meier-analyses, the missing data on the duration of pregnancy (2325 children) were replaced by conditional means of values provided. 9 In Cox regressions using harmonic terms, the missing values on the duration of pregnancy were compensated by multiple imputations, 35 as previously described. 9 Monthly incidence ratios based on complete cases and those complemented by mean and imputed values showed no marked differences (Table S3 ).
Circular data were described to exclude potential bias due to the season of the testing time. The circular correlations 36, 37 between the calendar time of the first test and that of the 11th fetal week or the date of birth were computed using circular package available in the R software ( Figure S2 ).
The release 3.3.0 of the R environment was used in all data analyses (http://www.r-project.org/).
| RESULTS
Out of all 5920 children, 538 had been tested for cat or dog allergens (most of the tested and survey participants had also reported a symptom of an atopic manifestation 26 ), 258 being based on sIgE and 346 on SPT (Fig 1) . The medians of positive IgE values for pet, dog and cat were 3.90, 2.11 and 5.50 kU/l (Table S4) By the age of 4 years, the cumulative incidence of children tested for the pet allergy varied from 9% (March) to 16%
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| 309 (December) according to the month of birth, and from 10% (September) to 16% (June) according to the month of the 11th fetal week (Table 1 ). The seasonal variation in the RRs of pet allergy testing was negligible compared to that of the positive tests (Figure 2 ).
3.1 | Coincidence of pollen season with early pregnancy and sensitization to dog and cat
The seasonal pattern of positive dog allergy tests was bimodal, the RRs being highest among children whose 11th fetal week fell in April or July and lowest among children who had it in late autumn (Figure 2) . The respective pattern for cat allergens was unimodal with the peak in early summer and the trough in mid-winter. The bimodality seen in dog allergens was repeated in the RRs for both pets combined. The respective analyses conducted by the month of birth gave similar patterns shifted forwards by approximately 7 months, the peaks locating November and January-February and the troughs in June-July. In the analyses based on complete data, the seasonal patterns remained practically unchanged, although statistical precision of the model parameters was weaker, as reflected by their wider confidence intervals ( Figure S3 ).
The incidences of sensitization to dog and cat allergens, both separately and combined, were consistently higher among children whose 11th fetal week occurred in a pollen season compared with those who had it in a non-pollen season (Figure 3) . The finding is repeated in Table 2 Missing data on the duration of pregnancy were replaced by the mean duration calculated from the answers given in the questionnaire survey, 278.2 d. Tables S5-S7 show the interaction analysis in the format recommended by Knol et al. 33 All interactions were accentuated when further adjustments were carried out for parents' animal allergy ( Table 3 ). The incidences of sensitization to pet allergens were consistently higher in the offspring of parents with than without animal allergy and higher in children exposed than in those unexposed to pet allergens, depending on the season at which they had ended their first fetal trimester ( Figure S4 and S5).
| Interactions and subgroup analyses

| DISCUSSION
The present study is the first to observe that the occurrence of the 11th fetal week in the pollen season is a risk factor for subsequent IgE-mediated sensitization to dog and cat allergens in early childhood. We also provide evidence that the occurrence of the 11th fetal week in the pollen season strengthens the association between early cat exposure and sensitization to cat allergens, while the respective effect modification was weaker regarding dog exposure and subsequent sensitization to dog allergens. While dog or cat exposure is a prerequisite to the subsequent sensitization to respective pets, the occurrence of the 11th fetal week on the pollen season as such is not associated with pet sensitization.
Our results suggest that pollen exposure or exposure to high concentration of any allergen at early pregnancy might deviate the immune system towards Th2-type reactivity. This would promote the development of sensitization to a specific allergen in case exposure to the respective allergen occurs. Based on growing evidence in the literature, the potential underlying mechanism would most probably be epigenetic modification of immunoregulatory genes. Epigenetic modification (eg DNA methylation) regulates T cell differentiation and the balance between various T helper cell subsets. 38, 39 It has been proposed that maternal exposure to environmental pollutants and allergens in a period of early immune development may result in epigenetic programming towards Th2-type reactivity and allergic phenotype. 38, 39 The synthesis of raw immunoglobulin E antibodies has been reported as early as in the 11th fetal week 2, 3, 6 and allergen-specific IgEs in the 23rd fetal week. 3, 7, 8 We propose here that the occurrence of pollen season in F I G U R E 3 Kaplan-Meier curves showing the cumulative incidences of positive results in dog or cat allergy tests during the first 4 years of life, classified according to whether the 11th gestational week, the date of birth or neither of these, were located during the pollen season ( Figure S1 and R script as a supplement file). The positive allergy tests included specific immunoglobulin E antibodies (sIgE) and/or skin prick tests (SPT) for dog and/or cat allergens T A B L E 2 Cumulative incidences (%, from Kaplan-Meier analyses) of subjects with a positive dog or cat allergy test up to the age of 4 years and relative rates (RR) from Cox regression models according to whether the end of the 11th fetal week occurred in pollen or non-pollen season Adjusted for sex, birth order and the year of the 11th fetal week. | 313 the 11th fetal week (a marker of early pollen exposure) potentially deviates immune response towards Th2-type reactivity, although allergen exposure (here pets) is a prerequisite for a subsequent sensitization to the respective allergen.
It is also possible that maternal-specific IgEs against pollen and pet allergens are directly transported through the placenta 40, 41 or the fetus begins independent synthesis of IgEs due to the genetic inheritage from both parents. We focused on sensitization to cat and dog allergens as the only outcomes, as sensitization to the group of different pollen allergens as outcomes require a longer follow-up, and therefore, it should be elaborated in a separate paper. Information on more detailed biological mechanisms of immune development cannot be obtained without tissue or serum samples of fetus and his/her parents. We also presented the incidences of positive tests according to parental animal allergy, stratified by the time of potential pollen exposure ( Figure S5 ). The effect of parental animal allergy seemed to be consistent with but a slightly stronger than that of parental atopy, maternal or parental pollen allergy or separately maternal animal allergy (data not shown).
Our findings are consistent with the current understanding about the prenatal immunologic development of IgE-mediated sensitization 2, 5 and with the previous reports on the seasonal variation of sensitization to food allergens. 9, 19, 42 Our findings are also in line with previous studies from Finland and Germany according to which the lowest risk for animal allergies and the lowest occurrence of positive SPTs for cat allergens, respectively, were found in children born in July. 15, 20 They are also in accordance with a Dutch study, 16 A further strength of our study is the unique database of allergy test results which covered the entire study population 9, 24, 25, 44 and could be individually linked with a large questionnaire survey conducted on the same population. Our data included the exact dates of both allergy testing and their results, which enabled us to display the incidences of these outcomes using advanced methods of survival analysis. The precision of the analyses was improved by imputation of missing data. 9, 35 The findings among the complete cases were well in line with the results obtained in the entire population.
Differences in clinical expertise of physicians in the area may have introduced variations in their testing practices and thereby some heterogeneity into the data. 26 In our study setting, most children who had been tested were tested by either IgE or SPT only, rarely by both methods, depending on which methods were available in the healthcare unit they visited. However, any variations of testing practices or selecting children for testing are unlikely to be selective with respect to the seasons at which different phases of pregnancy fall.
The main weakness of our study may be considered to be the pollen exposure data, which was based on measurements of 1 sampler in the area, not on individual measurements. In a large population like this, regional measurements have been considered adequate. 9, 11, 14, 18 Individual measurements of exposures to pollen allergens were unfeasible, also because not all parents would have been motivated to follow the study protocol with regular measurements. The pollen seasons occur simultaneously throughout the study area, because mixed forests grow relatively homogenously.
The individual pollen exposure has been considered to agree well with regional pollen concentrations measured by 1 sampler in the middle of the area. Another shortcoming of the present study is our pet exposure data, which were based on questionnaires and pet keeping during the child's first year of life only. Although we asked only postnatal, not prenatal pet keeping in the questionnaire, parents rarely take a new pet to their home while having children younger than 1 year. Therefore, when the child's family reported having had a cat or dog indoors at home during the child's first year of life, the mother had most likely been exposed to the same pet during the pregnancy. As we did not have information on the maternal allergies to specific pollen allergens, we could not evaluate their associations with maternal exposure to these same allergens and the occurrence of positive test result for these same allergens in the offspring.
Our results are also limited by the relatively short follow-up time.
The future follow-up of the present study will obviously yield a higher number of cases and narrower confidence intervals for the outcomes. We did not have individual exposure data either on viral infections or sunlight (related to serum concentrations of vitamin D), both of which have seasonal variation and could potentially affect the prenatal immune regulation. 48, 49 These factors might have introduced unknown bias but could not be controlled for in lack of relevant data.
In conclusion, the present study provides novel evidence that the coincidence of pollen season with the 11th fetal week is associ- 
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